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(54) Electromagnetic machine. 

(57) An electromagnetic machine which is suit- 
able for use as a direct-drive, directly-coupled, 
mains electricity generator (14) to be driven by a 
low speed device such as a wind turbine (18), 
consists of one or more rotor rings (30) of many 
permanent magnets (40) of alternating polarity, 
with coaxial stator rings (28) of many laminated 
yokes (35), each yoke defining slots to locate 
coils (38). The yokes (35) and coils (38) form 
modules which are supported by beams (32) 
relative to the rotor rings (30). The rotor rings 
(30) may also be of modular construction. Man- 
ufacture and assembly are thereby simplified, 
and sub-harmonic magnetic flux components 
are suppressed. 
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This invention relates to an electromagnetic ma- 
chine, primarily intended to act as a generator of elec- 
tricity, but which could equally be used as an electric 
motor. 

The machine of the invention is primarily intend- 
ed as a generator of mains-frequency alternating cur- 
rent when directly coupled to a device such as a wind- 
energy rotor, which rotates at a much lower frequency 
than mains frequency. It may equally be used to gen- 
erate current at other frequencies for use with sys- 
tems where the generator feeds into the mains via a 
frequency convertor. Hitherto it has usually been nec- 
essary to interpose a gear- mechanism between such 
a rotor (which might rotate at 40 r.p.m.) and a gener- 
ator of conventional type, so the generator turns 
much faster than the rotor. The use of permanent 
magnets to provide the magnetic field in which one or 
more coils are moved to generate electricity is also 
known. For example P. Zielinska and K. Schoep, in an 
article in Proceedings of International Conference on 
Electrical Machines, UMIST 1992, describe a three- 
phase, permanent magnet, synchronous machine; a 
laminated rotor with fourteen permanent magnets ar- 
ranged with alternating polarity around its perimeter 
is rotatable within a tubular stator with six coils locat- 
ing in respective pairs of longitudinal slots along its 
bore. Diametrically opposite coils are associated with 
the same phase, and the three phases are said to be 
practically decoupled. 

According to the present invention there is provid- 
ed an electromagnetic machine comprising one or 
more pairs of rings arranged on a common axis, in the 
or each pair the first ring comprising several perma- 
nent magnets arranged so there are magnetic poles 
alternating in polarity around the ring at the surface 
thereof facing the second ring, and the second ring 
comprising several laminated yokes, each yoke defin- 
ing at least one pair of slots in the surface thereof fac- 
ing the first ring, rectangular coils of wire locating in 
pairs of adjacent slots, and one of the rings being ro- 
tatable relative to the other, the slots extending trans- 
verse to the direction of relative motion of the adja- 
cent poles. 

The first and the second rings of each pair are 
preferably concentric. The or each second ring is 
modular, and can be assembled from the yokes and 
the associated coils in the desired position relative to 
the first ring, which in view of the magnetic forces be- 
tween the rings is considerably easier than sliding 
one complete ring inside the other, if the rings are 
concentric. Preferably the first ring is a rotor, and the 
second ring is a stator, as it is then simpler to make 
electrical contact with the coils. However the alterna- 
tive arrangement (with the second ring as the rotor) 
may be used, if slip-ring connections to the coils are 
acceptable. 

Preferably each yoke is of E-shaped cross- 
section and locates a single coil. Each yoke is desir- 



ably supported by a beam extending parallel to the 
axis between support members at the ends of the ma- 
chine. The preferred machine comprises a plurality of 
pairs of rings arranged end to end on a common axis, 
5 and each support beam can support one yoke from 
each of the second rings; the number of support 
beams is thus equal to the number of yokes in a single 
second ring. 

The or each first ring may also be of modular con- 
to struction, comprising several permanent magnets 
and pole pieces. The preferred embodiment uses rec- 
tangular ferrite magnets with tapered pole pieces 
which project beyond the side of the magnet along 
one edge to define a protruding pole at the surface 
15 of the ring. An alternative design would comprise a 
steel cylinder on the surface of which are mounted 
several magnets, alternating in polarity around the 
ring and spaced apart from each other. 

The rate of rotation of the rotor, and the number 
20 of magnetic poles around a first ring, together deter- 
mine the frequency of the generated emf. For exam- 
ple if the rotor rotates at 42.3 r.p.m. and there are 142 
poles (of alternating polarity), the generated emf will 
be at 50 Hz. The number of poles must therefore be 
25 chosen in accordance with the expected rate of rota- 
tion in order to generate an emf at a desired frequen- 
cy. 

Where the machine is a generator the outputs 
from the coils may be rectified, and if the rate of ro- 

30 tation is variable this may be preferable because the 
rectified, dc output can then be inverted to give fixed 
frequency ac. Each coil may be provided with a rec- 
tifier, for example a bridge rectifier, or alternatively 
sets of coils may be connected together in series and 

35 the output of each set rectified. Alternatively the coils 
may be interconnected to provide alternating outputs, 
for example a three-phase output, with several coils 
being associated with each phase. The number of 
poles in a ring is preferably at least 24, and for a ma- 

40 chine connected to a wind rotor there are preferably 
at least 100 poles. 

The emfs generated in different coils will gener- 
ally be of different phases, but the coils can be con- 
nected to provide a three phase output. The number 

45 of slots is desirably kept as small as practicable (in 
any one pair of rings) in order to minimise the cost of 
coil construction and of assembly of the machine and 
to allow each slot to be of sufficient width to accom- 
modate adequate electrical insulation as well as the 

so coil. The number, q, of slots per pole per phase is typ- 
ically between 2 and 8 in conventional machines. If 
such a q value were used in the present machine with, 
for example 142 poles, then the number of slots would 
be at least 852 which would be impractical. Using a 

55 much smaller value of q, of say 0.3 to 0.4 (i.e. a small- 
er number, say 156, of slots in each ring), leads to a 
much.lower construction cost and slots of satisfacto- 
ry width but gives rise to subharmonic components of 
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magnetic flux. With a low value of q the individual 
coils of the winding are physically separated and do 
not overlap. This makes it possible to split the stator 
into a number of modules as described below. For ex- 
ample a first ring might have 142 poles, and the sec- 5 
ond ring define 1 56 slots in which 78 coils locate. The 
q value for the machine, that is the number of slots per 
pole per phase, is therefore 0.366. This is a much 
smaller q value than for conventional generators. 

One consequence of the large number of poles in 10 
each first ring is that the magnetic flux paths within 
the second ring are localised. The yokes may there- 
fore be spaced slightly apart by non-magnetic mate- 
rial without causing much disturbance to the flux. 
Hence the yokes may be of E-shape, with a flat sur- 15 
face in which the slots are defined (so the surface of 
the second ring facing the magnet poles is actually 
polygonal). Such E-shaped yokes can therefore be 
assembled to make machines of a range of different 
diameters, standardised E-shaped yokes being used 20 
in every case. There may also be narrow gaps be- 
tween adjacent pole pieces in the first ring. This 
makes assembly of each first ring easier, and also in- 
troduces a significant extra reluctance into the mag- 
netic path for any sub-harmonic components of mag- 25 
netic flux. The pairs of first and second rings are de- 
sirably spaced apart along the axis as this introduces 
further reluctance for sub-harmonic flux components. 
The modular nature of the first and the second rings 
simplifies both manufacture of the components and 30 
their assembly. 

In operation of the machine, whether as a gener- 
ator or as a motor, heat will be generated in the coils 
(due to Joule heating), and a smaller amount of heat 
will be generated in the iron laminations of the yokes 35 
(due to hysteresis). It is thus apparent that means 
may be required to cool the second ring. In a preferred 
embodiment the beams which support the yokes are 
in good thermal contact with the yokes, the beams are 
hollow, and fans are used to cause a flow of air 40 
through each beam to cool the beam and so the yokes 
and the coils. 

In operation the machine will also tend to produce 
acoustic noise. This may be due to variations in the 
radial magnetic forces between the rotor and the sta- 45 
tor; variations in the tangential forces on the rotor and 
stator poles during rotation; non-synchronous current 
distributions in the coils; and imbalance between the 
loads on the three output phases. In a machine with 
a plurality of first rings on a common axis of rotation, so 
along with a plurality of second rings whose yokes are 
supported by common beams, many of the noise- 
generating forces can be cancelled by displacing the 
first rings angularly relative to each other so the alter- 
nating components of the forces cancel out. There 55 
may still be some residual elastic deformation in the 
beams, so clearly these must be stif f in both deflec- 
tion and torsion. It is also desirable to damp any re- 



sidual vibrations, for example by partly filling hollow 
beams with sound-absorbing material, or by inserting 
damping material such as rubber between adjacent 
beams. 

Where the electric machine is used as a genera- 
tor connected to the mains, damping is required to 
overcome the tendency of a synchronous machine to 
hunt around its equilibrium load angle. Desirably such 
damping is provided by allowing the stator to turn with 
respect to the supporting structure, and mechanically 
limiting and damping that turning motion. The damp- 
ing may be provided by oil-filled dashpots, by the fric- 
tion in leaf springs, or alternatively by rubber mount- 
ings made of high hysteresis rubber. The spring stiff- 
ness in the torque reaction system should be low 
enough to allow the stator to turn through an angle of 
several degrees, preferably an angle equivalent to the 
angular separation of a plurality of adjacent poles, for 
example two or three poles, or even as much as ten 
or more poles. 

In order to avoid excessive transient torque and 
current when the generator is first connected to the 
mains supply, the generated emf should of course be 
as close as possible to the mains in magnitude, 
phase, and frequency. If they are not perfectly match- 
ed then a transient current will flow, causing a tran- 
sient torque which will tend to change the relative an- 
gular velocity of the rotor and stator towards syn- 
chronous speed. If the generator is damped as descri- 
bed above, then the stator will turn against the elastic 
compliance of the torque reaction system, and the 
generator will become synchronised with the mains. 

The invention will now be further described by 
way of example only and with reference to the accom- 
panying drawings in which: 

Figure 1 shows a side view of a wind turbine in- 
corporating a direct drive generator; 
Figure 2 shows a longitudinal sectional view of 
the generator of Figure 1; 
Figure 3 shows a sectional view on the line Ill-Ill 
of Figure 2; and 

Figure 4 shows a sectional view on the line IV-IV 
of Figure 2. 

Referring to Figure 1, at the top of a tower 10 is 
a yaw bearing 11 which supports a pallet 12. The pal- 
let 12 supports a generator 14 which is connected by 
a short shaft 1 6 to a wind rotor 1 8 with a teetering hub 
1 9, pitch bearings 20, and blades 21 . The generator 
14 is of generally cylindrical form with a rotor inside a 
stator; the stator has circular end plates 31 (shown in 
Figure 2), and the generator 14 is supported by two 
pairs of rubber springs 22 connected to the end plates 
31 by brackets 24, the springs 22 of each pair being 
on opposite sides of the vertical plane in which the 
axis of the shaft 16 lies (only two springs 22 are 
shown in Figure 1). The tower 10, bearing 11, and pal- 
let 12 andthe wind rotor assembly 18, 19, 20, 21 are 
of known types, and are not the subject of the inven- 



3 



5 



EP0 627 805 A2 



6 



tion. By way of example the wind rotor 1 8 might be of 
diameter 35.6 m, and for a wind speed of 12 m/s be 
expected to rotate at 42.5 r.p.m. giving a power output 
of about 400 kW. 

Referring now to Figure 2, the generator 14 com- 
prises a stator 28 and a rotor 30. The stator 28 con- 
sists of two circular end plates 31 and seventy-eight 
longitudinally-extending hollow rectangular steel 
beams 32, each beam 32 being connected to the per- 
iphery of each end plate 31 by end caps 33. Each 
beam 32 is of cross-section 75 mm by 50 mm, with 4 
mm thick walls. Five yokes 35 (only two are shown in 
full) are fixed by bolts 36 to each beam 32. Each yoke 
35 is of laminated iron, of length 150 mm, and of E- 
shaped cross-section so as to define two longitudinal 
slots 20 mm wide which locate a rectangular coil 38 
of thirty-six turns of insulated, 2.5 mm diameter cop- 
per wire on a bobbin, taped and resin-impregnated. 
Referring also to Figure 3, each yoke 35 is welded to 
a steel back-plate 40, to which the bolt 36 is attached. 
There is a narrow gap between adjacent yokes 35 
around the circumference of the stator 28. The stator 
28 thus consists of five rings spaced apart along an 
axis, each ring consisting of seventy-eight E-shaped 
yokes 35, so the inner surface of each ring is in fact 
polygonal. 

Referring again to Figure 2, the rotor 30 consists 
of five rings, each ring consisting of 142 rectangular 
ferrite magnets 40 (only two are shown in full) each 
with two tapered pole pieces 42 on either side which 
project above the radially outermost surface of the 
magnets 40. Each magnet 40 is 150 mm long. Non- 
magnetic fixing brackets 44 are attached to the ends 
of each magnet 40 and are bolted onto a ring 46 which 
is also preferably non-magnetic. Referring also to Fig- 
ure 4, all the rings 46 are connected by rotor spiders 
48 to the shaft 16, to which the spiders 48 are clamp- 
ed by taper hubs. 

Referring also to Figure 3, the magnets 40 are ar- 
ranged alternating in polarity around each ring, so 
that the projecting pairs of ends of the pole pieces 42 
also alternate in polarity. There is a narrow gap be- 
tween adjacent magnet pole pieces 42 around the cir- 
cumference of the rotor 30. The rotor 30 has a diam- 
eter of 1 .8 m, and there is a radial gap of width 2.5 mm 
between the outer ends of the pole pieces 42 and the 
inner surface of the stator 28. 

In operation the wind rotor 1 8 causes the rotor 30 
of the generator 14 to rotate within the stator 28. As 
the alternating polarity pole pieces 42 pass the coils 
38 they induce alternating emf in the coils 38. The dif- 
ference in phase between the emf in adjacent coils 38 
is: 

0 = 180°x^ = 327.7° 

If the phases of the emfs of all the coils 38 in a ring 
are displayed in a phasor diagram, theyare uniformly 
distributed. All the coils with phase between 0° and 



60° are connected in series (set A); those with phase 
between 60° and 1 20° are connected in series (set B); 
those with phase between 120° and 180° are con- 
nected in series (set C); those with phase between 

5 180° and 240° are connected in series (set D); et ce- 
tera. Set D can then be connected in reverse, in series 
with set A; and similarly for the other phase sets. Al- 
ternatively, because in this embodiment each set 
consists of the same number (thirteen) of coils 38, 

10 sets such as A and D (in reverse) can be connected 
in parallel to give a lower output voltage. 

The induced emf of each coil (at the rate of rota- 
tion of 42.3 r.p.m.) is about 45 V; the voltage across 
each set of thirteen coils is about 560 V, taking into 

is account the spread of phases. The generator 14 has 
five such rings of yokes 35 and coils 38, so there are 
ten such sets of coils which may be connected in a va- 
riety of different arrangements to give different out- 
put voltages. 

20 The generator 14 can be connected into a mains 

grid, and the resilience in the rubber mountings 22 for 
the stator 28 is sufficient to allow the stator 28 to turn 
in response to the transient torque when initially con- 
nected, and then to come into synchronism with the 

25 mains frequency. It may be desirable to be able to ad- 
just the induced emf produced by the generator 14, 
firstly for synchronising to the supply, and secondly 
for reactive power control. This can be achieved by 
displacing the rotor 30 axially relative to the stator 28, 

30 so modifying the magnetic coupling. This will affect 
both the emf and the reactances. An alternative way 
of adjusting the reactive power would be to change 
the number of coils 38 in each set (A, B, C, etc) which 
are connected in series to provide the output voltage 

35 (so some of the coils 38 are not used). The resulting 
asymmetry may however cause more acoustic noise 
to be generated. 

When it is desired to stop rotation of the wind rotor 
1 8 and the generator rotor 30, either for routine or for 

40 emergency shutdown, the braking may make use of 
the emf generated by the generator 14. One or each 
of the output phases could be connected to earth via 
a capacitor in parallel with a resistor. For example this 
might use a 0.4 ohm resistor in parallel with a 1 mF 

45 capacitor to brake down to about 10 r.p.m. At lower 
speeds the capacitor would have little effect and the 
most effective braking would then be achieved by 
short-circuiting the generator. 

It will be appreciated that the electrical machine 

so described above may be modified in various ways 
while remaining within the scope of the invention. For 
example the end caps 33 might define apertures with- 
in which electrically-driven fans are installed so af low 
of coolant air flows along each hollow beam 32 to re- 

55 move heat from the coils 38 and yokes 35. The yokes 
35 and the magnet modules might be a different 
length. for example they might.both be_of length 300 
mm, each magnet module comprising two ferrite mag- 
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nets 40 sandwiched end-to-end between 300 mm- 
long pole pieces. This will slightly reduce leakage of 
flux at the ends of the modules. Each yoke might de- 
fine a different number of slots, for example each 
yoke might define four longitudinal slots so as to lo- 
cate two coils 38 (so each yoke replaces two adjacent 
yokes 35 of the generator 14). Furthermore the face 
of the yoke in which the slots are defined might be 
curved, so the inner surface of the ring is closer to be- 
ing cylindrical. The generator 14 might be driven by 
the wind rotor 18 in a different fashion, for example 
the generator 14 might itself form the hub of the wind 
rotor. Where the hub incorporates the generator, the 
ring of magnets may be either inside or outside the 
ring of yokes. 



number of slots and the number of poles are both 
at least 100. 

8. A machine as claimed in any one of the preceding 
5 Claims wherein the coils (38) are connected so 

as to provide three-phase alternating outputs, 
there being several coils (38) in each second ring 
associated with each phase of the output. 

10 



Claims 

1. An electromagnetic machine comprising one or 20 
more pairs of rings arranged on a common axis, 

in the or each pair the first ring comprising several 
permanent magnets (40) arranged so there are 
magnetic poles alternating in polarity around the 
ring at the surface thereof facing the second ring, 25 
and the second ring defining slots in the surface 
thereof facing the first ring, rectangular coils (38) 
of wire locating in pairs of adjacent slots, and one 
of the rings being rotatable relative to the other, 
the slots extending transverse to the direction of 30 
relative motion of the adjacent poles character- 
ised in that the second ring comprises several 
laminated yokes (35), each yoke (35) defining at 
least one pair of the said slots. 

35 

2. A machine as claimed in Claim 1 wherein the first 
and the second rings of each pair are concentric. 

3. A machine as claimed in Claim 1 or Claim 2 
wherein each yoke (35) is of E-shaped cross- 40 
section and locates a single coil (38). 

4. A machine as claimed in any one of the preceding 
Claims wherein adjacent yokes (35) in any one 
second ring are spaced apart from each other by 45 
a gap or by non-magnetic material. 

5. A machine as claimed in any one of the preceding 
Claims wherein each first ring is of modular con- 
struction, comprising several permanent mag- so 
nets (40) and pole pieces (42). 

6. A machine as claimed in anyone of the preceding 
Claims wherein the number of slots in any one 
second ring is at least as many as the number of 55 
magnetic poles in the corresponding first ring. 

7. A machine as claimed in Claim 6 wherein the 
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